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SHAPED  CHARGE  HiRFORM\HCE  WITH  LIHEAR  rLUTOD  T.tjieRS  (u) 

(C0HPIIEHTI4L)  ABSTRACT 

ExperlaentAl  results  SLre  described  which  show  that  orthodox  spin- 
coEpensating  liners,  wixh  flute  depth  a  Jiinear  function  of  liner  radius, 
produce  compensation  at  different  rotational  frsquenciei*  for  various  elements 
of  th*  liner.  As  a  result  of  this  dispersion  in  optlttia  frequency,  the  nfv.ljaua 
penetration  obtained  at  the  mean  optiaun  frequency  of  the  liner  is  less  than 
the  potential  penetration  that  could  be  realised  from  a  given  charge  design. 

T>iO  higher  the  spin  rate  for  which  sxich  a  liner  is  designed,  the  greater  the 
dispersion  and  the  lower  the  attainable  penetration. 

The  experimentsLl  observations  are  analyzed  to  show  the  nsaos  by  which 
dispexs!j.on  can  be  reduced  or  eliminated,  and  penetration  at  high  spin  frequen¬ 
cies  aatorially  Ijsproved.  Explanation  of  earlier  failures  in  atteopts  to 
apply  spin  comp'icsatlon  to  HEAT  rounds  is  also  derived  from  the  results. 
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(CONFIDEJmAL)  I.  IJTTRuD’JCTION 

It  hjia  b*en  ynjwn  for  BMiny  years  that  the  penetration  produced  by  a 
rotated,  metcl-11 ned  shaped  charge  Is  greatly  reduced  froo  its  non-rotated 

(X)» 

perfannance  .  The  reason  Is  clear  from  the  flash  radiograms  of  Jets 

produced  by  non-rotated  and  rotated  soaped  charge  liners,  shovn  In  Figure 

1.  The  non-rotated  charge*  produ«.cs  a  J''t  that  remains  coherent  emd  concea- 

trated  along  the  change  axis.  The  Jet  from  the  rotated  charge  has  a  radleJL 

spread  of  particles,  which  results  In  a  decree jc  in  the  depth  of  penetration 

In  the  target  material.  The  cause  of  the  spread  of  the  jet  lies  In  the 

requirement  that  the  angular  mom»-ntum  of  the  metal  liner  must  be  conserved 

during  the  pr-ocesses  of  liner  collapse  and  Jet  formation.  This  results  in 

forces  that  spread  the  J^t,  i-hus  causing  the  energy  of  the  Jet 

(2) 

to  be  dissipated  onrer  a  larger  area  of  the  target  surface  '  .  A  typical 

cunre  of  penetratloc  as  a  function  of  rotational  frequency  It,  shown  In 
Plgura  2. 

Several  a^thods  have  been  devised  to  modify  the  shaped  cheu'ge  liner  to 

reduce  or  eliminate  the  deleterious  effect  of  spin  on  penetration.  This 

report  will  be  concerned  with  the  most  tested  isethod  -  the  use  of  straight 

(5) 

flutes  Impressed  In  the  outer  and  inner  surfaces  of  the  liner  .  Photographs 
of  a  smooth  and  a  fluted  liner  are  shown  in  Figure  J.  A  cross-section  of  a 
fluted  liner  with  the  various  design  parameters  listed  and  defined  Is  shown 
in  Flrore  4. 

The  principle  behind  spin  compensation  is  to  divert  a  very  small  portion 
of  the  energy  of  the  detonating  high  explosive  to  im<»rt,  to  the  material 
icnilng  i..-:?  Jet,K  tengcntlel  cespoo-nt  of  •'clowlty  which  will  counteract 
that  Introduced  by  the  Inlt-'al  rotation.  Ti  the  ai-lel  tangential  velocity 
component  of  each  section  of  the  liner  Is  equal  aci  cp,X)r«lte  to  its  tangential 
velocity  due  to  rotation,  the  liner  wlix  collapse  and  form  a  Jet  as  If  the 
liner  we.re  8n.>nth  and  hal  no  iuitlal  rotation. 

•» - - - 

Refer*  to  references  listed  at  end  oi’  report. 
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Tim  tAn^ntlaJ.  velocity  Iraparied  to  an  element  of  a  conical  liner  duO 
to  ltd  rotation  la  proportional  to  Its  distance  from  the  liner  axle,  V^»  ?>:rv 
vhere: 

a  tan<j,eutlal  velocity  due  to  liner  rotation 
r  *  radial  distance  from  liner  axis  to  element  of  liner 
V  *  frequency  of  rotation  of  liner 

In  alju)8t  all  of  the  tests  on  fluted  llnera  to  date,  the  flute  depth 
has  been  varied  linearly  from  a  nominal  eero  value  at  the  geameti-lc  cone  apex 
to  a  maximum  at  the  cone  base. 

Prevloua  Investigators  '  have  stated  that  the  llnesur  flute 

(l.e.,  a  flute  whose  depth  is  a  linear  function  of  line>  radius)  was  not  the 
Ideal  design,  and  that  a  Pon-lln**ar  flute  design  was  necessary.  In  the  initial 
experiments,  however,  no  method  was  available  for  deiermining  the  ideal  design, 
oil  that  the  simplest  flute,  from  the  point  of  view  rf  production,  was  adopted, 
Ihia  results  in  a  design  such  that  the  varloue  rln s  elements  of  a  liner  do  not 
have  the  same  optimum  frequency  and  do  not  all  give  their  maximum  potential 
penetration  at  any  given  frequency.  The  integrated  result  for  the  entire  cone 
Is  that  the  maximum  penetration  (at  the  mean  optimum  frequency  of  all  the  ring 
eleaents)  is  considerably  less  then  the  potential  penetration.  The  hlgner  the 
spin  frequency  at  which  a  liner  is  designed  to  operate,  tbs  greater  the  dis¬ 
persion  in  optimum  frequencies  for  the  various  elements,  and  the  lower  the 
total  penetration.  Theoretically,  ac  ideal  flute  should  elimiaate  dispersion 
in  optimum  frequency  and  a  fluted  liner  should  provide  penetration  equal  to 
tliftt  of  a  slirillar  smooth  liner  fired  without  rotation. 

The  pui-pose  of  the  current  resewch  program  in  Bp.ji  canpeneatlon  is  to 
investigate  the  validity  of  the  basic  hypothesis  that  all  elements  of  a  given 
linear  fluted  liner  sure  not  compensated  at  the  j'lame  spin  rate  and  to  de¬ 
termine  what  modifications  in  flute  design  sure  requir«;d  to  reduce  or  eliminate 
dlspersiiaa  at  high  rotational  freqiiencles. 
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The  experlaentAl  results  reported  herein  consist  of  observations  obiniae’ 
by  flash  radiographic  techniques  radioactive  tr,-*-*?  inethoda 

and  penetration-rotation  firings 


(coiffneirruL) 


II.  illC-.rt  IfillGN 


The  series  of  fluted  liners  i''v«’ntlgated  were  itinn’afsictured  by  the  Tbomno 
Indufltrles,  Inc.,  Fort  Atltlnson,  Wisconsin  imder  Contrac..  Ifc.  IiA-lJ,»022-0RD- 
2l47.  The  liners  were  part  of  a  group  of  five  scaled  sites  that  varied  In 
dlajneter  frcn  a  nominal  one  Inch  i-o  five  Inches.  The  sites  specif IcBtlly 
experlraented  with  are  those  designated  BUL-T,  and  BRL-4.  Ferttnem;  drawings 
eujd  spec Iflcet ions  for  liner  design  are  llJOiBas  Industries  Drawing  Ho.  464008, 
and  Carnegie  Institute  of  Technology  Drawing  Ilunbers  1455  thru  1460,  and  I589H. 
The  charge  design  is  Illustrated  In  Figure  5* 

The  design  p\z*aiaeters  for  a  linear  fluted  cone  eu«  shown  In  Figure  4.  The 
group  of  liners  (42^  apex  angle)  described  herein  will  be  represented  by  the 
nomenclature  of  a  BRL-l  (as  an  example):  0.945  f (0,0^^)(l6x.0100)  (3,S)(  5  )l, 
HiL-1,  0.945  describes  the  No.  1  scale  liner  with  a  cone  diameter  ot  0,945 
Inches;  the  number  0.055  represents  the  average  wall  thickness  (perpendicular 
to  the  wall)  in  Inches;  the  figures  (Ifx.OlX)  represent  the  number  of  flutes 
and  flute  depth  at  a  datum  plane  near  the  base  of  the  liner  (these  liners  have 
i6  flutes  snd  have  »»n  f depth  of  O.OIX  Inches  et  the 

base  datura  plane);  the  nomenclature  (S,S)  refers  to  the  method  of  manufacture 
(the  liners  were  fluted  between  me.tchlng  laetal  fluted  tools);  the  symbol  6 
refers  to  the  relative  angular  Indexlnj  of  punch  and  die.  For  each  series, 
ten  Index  angles  and  the  smooth  parent  liner  were  tested.  Since  these 
liners  are  from  a  scaled  series,  the  representative  nomenclature  for  BRL-3 
and  BRI-4  sizes  ar": 


BF.L-3,  2.835  [0.105  (l6x,03C0)  (S,S)  (  6)} 
BRL-4,  3.730  [o.i40  (l6x.0400)  (G,S)  (  8  )J 


The  liners  were  assembled  Into  scaled  casings;  the  confining  wall 
thicknesw  and  ail  other  dimensions,  and  weight-  of  composition  B  high  ex¬ 
plosive  filler,  were  scaled. 
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(COrff'lDfcJfTIAL)  III.  EXPEi^IMEimX  RESULTS 

With  the  (8,S)  type  linear  flute,  the  direction  of  optinum  ccnpensntion 
freqvency  for  best  performance  varies  with  the  Index  angle  the  con- 

''xjntioo  adopted  for  the  algn  of  rotation  direction  is  the  following:  A 
rotation  is  considered  positive  if  the  exterior  offset  surface  lead/}  the 
canted  surface;  it  is  negative  if  the  oCftfet  curfnee  trails  the  canted  surface. 
The  arrow  above  the  flute  profile  in  Figure  4  Indicates  a  positive  rotation. 
With  this  convention  in  sign,  a  revercel  of  the  flute  orientation  does  not 
change  tiie  sign  of  the  optimum  frequency,  although  the  actual  direction  of 
rotation  in  a  fixed  coordinate  system  is  thereby  reversed. 

A.  Penetration-Rotation  Firl’^ro. 

The  penetration-rotation  fir;  gs  were  conducted  at  Erie  Ordnance  Etepot 
under  the  supervision  of  Firestone  Tire  and  Rubber  Co.  (Contract  Wo.  DA- 
33-019-010-2355 )•  optimum  frequency  versus  index  angle  for  the  DRL-3  and 
BRL-4  liners  are  shown  in  Figure  6,  along  with  the  nonsalleed  i>enetrations 
versus  index  angle  for  the  two  sizes.  The  penetration  by  the  parent  smooth 
liners,  unrotated,  is  represented  by  the  dashed  line.  The  maximal  penetration 
and  optimum  compensation  frequency  for  each  index  angle  tre  shown  in  Table  I. 
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TABUS  I 


OptlBom  Cplu-Kate  aud  Moxlaum  Penetration 
mi,  ■.'arlou*  Inde:.  Angle*  for  ERL  No.  3  and  BRL  No.  k  Charges 


(10) 


!“ 

HO.  No.  3C 

BRl.  No.  4C 

Index  Angle 

Spin 

Penetration 

Maxisnus 

Spin 

Penetration 

Maxinua 

(degrees ) 

Rate 

into  mild 

rtuotratlon 

Rate 

into  Mild 

Pcntration 

(RPR) 

steel 
( inches ) 

ii*.  Cone 

D) oaeters 
at  Optimal 
Spin-Rate 

(RPC) 

Steel 

(inches) 

in  Cone 
Diameters 
at  pptimxiB 

0 

•fCo 

13.6 

4.80 

450 

4.75 

1 

450 

i;.7 

4.85 

+50 

5.44 

2 

+15 

15.2 

5.38 

0 

5.40 

4 

-J5 

14.6 

5.15 

-35 

19.6 

5.17 

6 

-50 

14.0 

4.95 

-4p 

19.0 

5.01 

8 

1 

0 

14.0 

4.95 

-35 

I8r0 

4.75 

10 

-25 

13.6 

4/0 

-2C 

17.8 

4.68 

14 

+15 

12.5 

4.41 

+15 

15.8 

4.18 

18 

460 

12.4 

4.30 

440 

16.0 

4.22 

21.5 

480 

13.0 

4.88  1 

.  . . 1 

^5 

18.5 

4.88 

Control 

Non- 

16.6 

5.09  1 

'  .on- 

22.3 

5.80 

Smooth 

Llrer 

rotated 

1;  rotated 

9 


CC;^41F!^ENTIAL 


CONPIDCNHAL 


One  cboerves  In  Figure  6  that,  the  optlmun  frequency  falls  from  a  raaxtmim 
foaltlve  value  at  an  Index  angle  of  crosses  the  zero  frequency  axis 

at  on  Index  angle  between  2°  and  3°>  changes  sign  emd  proceeds  to  a  maximum 
negative  value  at  about  7*^;  It  retiu'ns  to  zero,  reverses  sign  again  and 
Increases  to  Its  jxDBltlve  maximum. 

The  penetrations  Into  mild  steel  by  smooth  BHL-J  and  BKL-4  liners  are 
I6.t5  Inches  and  22,3  Inchts,  respectively.  The  top  curve  in  Figure  6  shows 
that  the  efficiency  of  compensation  (l.e.,  the  percentage  of  penetration  of 
the  smooth  parent  liner)  Is  greateot  (92^  for  both  sizes)  with  index  angle  2°. 
However,  at  this  Index  angle,  tne  optimum  cumpcnsatlon  frequency  la  low 
( approximately  zero  rpc).  Tne  degree  of  compensation  at  the  maximum  negative 
value  of  ccrcpensatlon  frequency  (A  7*^)  Is  85)^,  smd  at  the  maximum  positive 
value  of  frequency  (ft  •  21.5°)  lo  83^.  It  should  be  noted  that  there  Is  no 
simple  relationship  between  optimum  frequency  amd  efficiency  of  compensation. 
For  example,  a  magnitude  of  30  rpc  can  be  obtained  with  the  Uc  liners  at  index 
angles  of  (approximately)  1”,  3°>  degrees.  The  corwsponding 

compensation  efficiencies  are,  respectively,  82^fc,  ^1$,  &Oft,  and  7^> 

Differences  become  much  greater  when  liners  ore  designed  for  higher  frequen¬ 
cies. 

B  Flash  Radiography. 

The  experimental  plan  required  the  vse  of  samples  from  each  group  of 
liners  for  f.laeh  »nidlographlc  observatioi.  Triple  flash  radiographs  of  Jets 
from  each  type  of  liner  were  obtalnx.*d  ft  each  of  severed  rotat.,onal  frequen¬ 
cies  at  time  Intervals  of  115,  I65,  and  19^  ’'icroteconds  edTter  detonation. 
Elements  alorg  the  Jet  were  exajulned  fo’*  Indications  of  compensation,  and  the 
compensation  frequencies  of  the  front,  center,  and  rear  portions  of  the  Jet 
were  estimated.  Jet  elements  that  were  continuous  or  only  slightly  fragmented 
were  considered  to  be  corapensated  at  the  test  frequency,  whereas  Jet  elements 
that  were  badly  fregmented  or  bifurcated  were  considered  xmeompensated.  The 
photograph  of  the  Jet  in  free  flight  could  be  observed  over  the  range  of 
sevei'al  inches  to  32",  which  is  the  fTili  length  of  the  x-ray  film  caasstter. 
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Klarh  radlographo  J  the  variation  In  opttiaiai  frequency  uJorya; 

the  Jet  are  ohova  In  Figure  7.  For  an  Index  angle  of  tero  degrees  the  rear  of 
the  Jet  la  compensated  at  120  rps  (Figure  7«)/  the  front  of  the  Jet  at  JO  rps 
(Figure  7b).  For  the  6^  Index  angle,  the  optleua  frequency  for  the  front  of 
tlje  Jet  la  -100  rps  (Figure  7c),  and  -20:  rps  for  the  rear  cT  the  Jet  (Figure 
Td). 

The  data  showing  the  compensation  frequency  of  eleoente  of  the  ERL-J  and 
BRI/-4  liners,  as  deduced  from  flash  radiographs,  are  found  In  Table  II;  the 
spin  rate  vereus  relative  position  of  Jet  element  la  plotted  In  Figure  8.  For 
Index  aeglea  that  prodtice  compensation  In  the  positive  reglcai  of  frequency, 
the  front  of  the  Jet  compensates  at  a  lower  frequency  that  the  rear.  For 
Index  angles  that  conjiensate  in  the  negative  reglcr.,  the  front  portion  of  the 
Jet  coapensates  at  a  higher  (abaolu-oe  value  of)  frequency  than  the  reeur. 

The  optlBun  rotational  frequency  versus  Index  angle,  amd  the  penetration 
versus  Index  angle,  sre  plotted  In  Figure  9  for  the  linear  fluted  liner  (BRL-J). 
Curves  a,  b,  and  c  represent  the  rear  of  the  Jet,  the  middle  of  the  Jet,  and 
the  tip  of  Jet,  nsopectlvely.  Comparison  with  Figure  6  shows  tl.at  the  **Bean** 
curve  obtained  from  penetration  obrervatlons  lies  between  those  representing 
the  Biddle  of  the  Jet  tnd  the  rear,  as  would  be  expected  for  short  standoff 
penetrations.  The  penetration  curve  (d  in  Figure  9)  Illustrates  that  the 
naxlaum  penetration  occurs  when  the  dispersion  In  optimum  frequency  between 
firont  and  rear  of  the  Jet  is  at  a  ainlimim  (index  angle  region  of  2°). 

C.  Rpdioactlve  Tmcer  Techniques. 

The  a.T^pllcatlou  Of  radioactive  tracer  Isotopeo  to  the  study  of  shaped 
charge  phenomena  was  initially  Investigated  at  Carnegie  Institute  of 
Teclinology  Rectjntly  Mr.  M.  K.  Gainer  of  the  li’L,  in  cooperation 

wiih  Dr.  V.  Lamb  and  Ifr.  H.  I.  Salmon  of  the  Ration'll  Bureau  of  Standards 

/ON 

^  ,  has  refined  the  techniques  to  warrant  Jts  use  as  a  reoearcii  tool  with 

fluted  liners . 

Silver  (Ag  UO)  is  elec trodepoel ted  in  bands  at  predetcralncd  posltlorj: 
on  the  inside  of  the  liner.  The  locations  of  the  bands  were  1/2"^  l",  1  1/2", 
2",  2  1/2"  auid  3"  from  the  bottom  of  tbe  liner  flange  to  the  near  edge  of 
the  band;  the  locations  are  designated  A,  B,  C,  D,  E,  and  P,  respectively. 
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TABl/.  II 

CCBpenaatlon  Frequencies 
Determined  from  Flash  Radlugraphs  of  Jets 


LINER 


COMFEIfSATIOR  FKEQUEIfCY  (RPS) 


irpE 

Index 

An^ 

Front  c* 

Jet 

Middle  Portion 
of  Jot 

Beer  oi 
Jet 

3C 

0° 

60 

80 

120 

1° 

30 

75 

2° 

10 

20 

45 

-80 

-60 

-20 

6° 

-90 

-60 

-20 

10« 

-70 

-45 

np 

21-1/2° 

70 

100 

120 

Flute  Depth 


.OJO",  Wall  Thickness 


0.105” 


o 

o 

30 

50 

75 

1° 

15 

20 

6o 

6° 

-90 

-45 

•15 

21-1/2° 

45 

75 

90 

Flute  Depth  ■  .040”,  Wail  Thickness  «  0.l40” 
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The  »ppraxl»ate  thlc)uie««  of  radioactive  depoelt  varied  from  0.00004”  to  0,0012'*. 
The  activity  of  Ag  110  rfurLed  fron  yX)  to  170  ai'^ro  curlea.  The  band  width  was 
nowlnally  l/l6”  +  0,003”.  A  group  of  liner*  were  plated  with  olngle  radioactive 
band*,  while  other  llnero  were  plated  with  six  band*. 

Radloactlrely  tagged  liner#  cr  tl.e  rrir-’f  llnear-flutcd  '  li^ix  -'n*  le 

6°)  were  fired  Into  alld  steel  target  plates  (12"  x  12”  x  1”)  and  i..r  depth 
reached  by  the  tagged  tonal  element  was  determined  by  radlooctlwe  assay  .  f  the 
plates.  The  I’elatlon  between  penetration  depth  and  position  of  a  zonal 
eleownt  In  tlie  liner  was  obtained  In  tills  sMmnex*. 

The  results  of  flrLngo  of  the  tracer- tagged  liner*  are  given  in  Table  III, 
and  are  plotted  In  Figure  10.  The  greatest  contribution  to  penetration  (for 
the  charge  design  used)  is  produced  by  the  liner  zone  l/2"  to  1”  from  the  bauie 
of  the  cone  (totsUL  Inside  cone  height  4  1/2" )•  The  penetration  effectiveness 
of  each  tone  chsuiges,  however,  as  the  frequency  Is  varied.  At  the  low  frequen¬ 
cies  of  rotation  (0  to  -20  rps),  the  greatest  penetration  Is  produced  by  the 
first  1/2"  zone  free  the  base.  As  the  frequency  Is  Increased  (in  the  negative 
direction),  the  zooe  from  1/2”  tw  i"  of  the  base  beconies  predoBlnant,  This 
condition  remains  throughout  most  of  the  useful  frequency  range  of  thie  cheurge, 
which  has  it#  swan  optimum  frequency  in  the  region  of  -45  rps  to  -55  rp®  ® 

12”  standoff.  At  a  frequency  of  -75  rps,  the  zone  l”  to  1  l/2”  from  the  base 
produces  the  greatest  part  of  the  penetration,  but  the  total  penetration  is 
considerably  decreased. 

These  results  substantiate  the  radiographic  observations  (for  index 
angles  that  give  a  negative  optimum  compensation  frequency),  which  show  that 
the  Indications  of  compensation  shift  from  the  rear  l;o  the  tip  of  the  Jet  as 
the  frequency  Increases  from  zero  in  the  negative  direction  (Figure  7c  and  7d). 
This  would  account  for  the  shift  In  penetration  effectiveness  fren  the  base 
towai’d  the  apex  ea  the  frequency  changes  la  this  manner. 

The  dominant  role  of  tbe  lover  portion  of  the  liner  in  penetration  by 
heavily  confined  charges  has  been  predicted  on  theoretical  grounds,  but  the 
degree  to  which  It  predominates,  as  evident  from  the  tracer  results,  is 
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nonetheleas  suirprlslng.  'The  aura  of  the  maximum  penetrations  for  the  various 
rones  at  their  respective  optimum  frequencies  Is  greater  than  the  total 
peiietratlon  by  ^the  smooth  parent  liner  fired  non-rotated.  The  values  of 
penetration  fo**  the  rones  1/2”  to  1”  at  -45  rps,  and  l”  to  1  1/2**  at  -75  rps 
are  undoubUrUi^  high,  i-rcaumably  due  to  experimental  error.  With  refinements 
In  experimental  techniques,  It  Is  expected  these  vailues  will  be  lowered. 

TAoLF  III 

LocaHo.'i  (  llstaiice  from  top  of  target)  of  elements  of 
rudloaotlv^  tagge'i  '^ners  in  target.  RRT-4  lln»‘ar-fluted 
llr.ere  (6°  Index  angle),  rotated;  standoff,  12”;  tsurget, 
stacked  12”  x  12"  x  1"  mild  steel  plnt-'p , 


Cone 
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SPIN-RATE  (RPS) 
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band 

'  •  ’  "  j - - - - - - - , 

Is  located  In  first  target  plate 

C 

mm 
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B 
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. 

2” 

m 

wma 

■n^ 

B 

■a 

■a 

4" 

wm 

12" 

m, 

m 

n 

A 

10" 

17" 

mm 

20” 

ir* 

- 

- 
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Penetration 

7-1/2" 

12” 

18" 

19-i/‘»" 

20/1/2" 

17-1/2" 

6-5/»*'’ 

(COWFTDEirriAL)  IV.  DISCUSSION 

A,  Modification  of  Flute  Design. 

The  experimental  results  described  in  the  foi'egolng  sections  clearly 
demonstrate  the  validity  of  the  hypotiiesis  which  has  constituted  -.he-  focaJ 
point  of  recent  work  in  spin  compensation:  The  loss  in  penetration  in 
designing  liners  for  higher  cpln  rates  has  been  due  to  an  increasing 
dispersion  in  optimum  frequency  of  the  liner  elements.  Surprisingly,  however, 
the  direction  of  wlatloa  of  !>>•  magnitude  of  optinmm  frequency  along  the 
liner  depends  upon  the  direction  of  the  impulse  -  l.e.,  upoi\  the  index  angle. 
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The  obBervatlons  serve  es  mnr#  qualitative  substantiation  of  the 

i 

j  hypothfsls;  they  aim  pt'^ide  the  data  necessary  to  correct  the  design 

!  and  reduce  or  ellalnate  dispersion.  By  correjatlng  the  radiographic  and 

radioactive  tracer  dj.ta,  one  obtains  the  representation  shown  In  Figure  11 
*  for  the  relation  between  the  tangent Kl  velocity  due  to  x^tatlon  amd  tMt 

i  produced  by  the  conpensatlng  i5ipul<»e,  for  liners  compensating  in  the  rocltive 

j  sense  (index  angle  21.^*^).  Initial  spin  rate  has  been  chosen  so  that  the  bsuse 

of  the  liner  would  be  conpensated,  but  ho  reaaluder  of  the  liner  benefits 
I  only  slightly  froa.  the  I'lutlng  at  that  spin  rate. 

(5) 

Since  the  compensating  impulse  Is  a  linear  function  of  flute  depth  f 
tne  aodificdticn  In  flute  design  needed  to  resKxve  the  dispersion  can  also  be 
deduced.  The  result,  for  this  particular  situation,  Is  shown  in  Figure  12. 

A  liner  having  a  non-linear  flute  of  the  design  Indicated  should  afford 
compensation  at  a  spin  frequency  of  120  rpa,  with  little  dispersion  and, 
consequently,  little  loss  In  penetration  -  If  the  current  correlations 
accurate . 
j 

f  SijBllau*  results  obtained  for  a  liner  designed  to  compensate  In  the  negative 

sense  (indew  angle  6^}  are  shown  in  Figures  1?  and  l4.  In  this  case,  the  non- 
1  linear  flute  indicated  would  provide  compensation  at  a  frequency  of  only  -40 

rps,  using  the  sane  maxisrua  flute  depth  as  In  the  previous  case. 

The  results  of  this  analynls  show  a  clear  preference  for  liners  having 
index  angles  that  produce  compensation  at  positive  rotational  frequencies, 

J  in  order  to  obtain  high  frequencies  without  excsselve  flute  depth.  In  past 

work,  with  linear  riui>s,  Index  angles  of  the  order  of  6  to  7°  gave  best 
result.)  because  of  the  less  dispersion  mong  elenents  contributing  most  to 
penetration. 

The  anticipated  performance  characterlntlcs  of  liners  having  the 
suggested  non-linear  flutes  are  il3.uatrated  In  Figures  15  «nd  16.  In  each 
case,  the  dispersion  of  optlmm  freqt<ency  is  reduced  and  penetration  is 
Increased,  relative  to  a  liner  having  linear  flutes,  over  a  range  of  Index 
angles  adjacent  to  that  ior  which  the  flute  Ic  designed.  At  other  Index 
,  angles,  performance  Is  poorer  than  that  obtained  with  linear  flutes. 
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B.  Interaction  13etwecn  ConDensatloa  Fre^  •acy  Diaperslon  and  Effects 
of  Conf  Ineaient.  _ _ 

In  1951  the  Plcatlnny  Arsenal  atteapted  xc  adapt  to  tho  M307,  57™*  lEAT 
round,  fluted  liners  that  had  been  tested  and  found  to  perforw  ■atisiaictorlly 
by  Carnegie  Institute  of  Technology.  The  results  obtained  were  extrenely 
dlsaopolntlng  and  only  conjectui'al  explans.tlons  could  be  given  at  the  tine. 

In  the  cours*  of  the  application,  the  conditions  under  which  the  liners 
were  used  were  slgniflcauuly  changed.  In  the  initial  laboratory  t<*st3  at 
Carnegie  Institute  of  Tech’^ology,  the  dvjirges  had  been  confined  In  relatively 
light  bodies,  jrnde  of  thln-walled  adualnun;  the  standard  KJO?  HEAT  shell,  on 
the  other  hand,  is  a  relatively  thluh-walled  steel  body.  The  reexilts 
described  In  this  report  provide  a  ready  and  an  entirely  plausible  explanation 
for  the  drastic  difference  In  perfomance  between  the  laboratory  tests  and  the 
firings  with  the  shell  bodies. 

The  effect  of  the  change  In  conf Ineieent  upon  the  collapse  of  the  liner  Is 
represented  ecbenatlcally  in  Figure  17.  In  the  plot  are  shmm  two  curves  of 
the  velocity  of  liner  collapee  as  a  function  of  position  on  the  liner  -  one 
for  lightly  confined  charges  and  one  for  heavily  confined  charges.  Ihe  effect 
of  the  Increased  C'^nfineiBent  Is  to  produce  a  more  nearly  steady-state  collapse 
In  the  upper  portion  of  the  liner  and  to  increane  the  rate  of  change  of 
collapse  velocity  In  the  bottom  portion.  As  a  consequence,  th'.*  jet  formed  by 
a  heavily  confined  charge  has  little  gradient  In  the  front,  bv  t  a  very  large 
gradient  at  the  rear.  The  contribution  to  penetration  by  the  front  portion 
of  the  is  correspondingly  reduced  (especially  at  short  standoff)  and  the 
contribution  by  lower  portions  of  the  liner  Is  considerably  Increased.  Figure 
18  shows  experimental  data  for  similar  charges  fired  with  light  conflneMcnt 
and  with  veiy  heavy  confinement.  The  plot  shows  the  contribution  to  penetration 
per  unit  height  of  liner  aa  a  function  of  the  position  of  the  Unci  element. 

For  the  lightly  confined  charges,  the  peak  occurs  at  a  point  between  60  and  70^^ 
of  the  dlsience  from  apex  toward  base  of  the  liner  and  the  curve  is  cu'  bro^d. 
For  the  lieavily  ..onflned  charges,  the  peak  occurs  at  a  point  anprooclmatcly 
of  the  distance  from  apex  to  base  and  the  rise  and  fall  of  the  cuirve  are  quite 
shmp. 
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If  it  iB  absuaed  tliat  the  tm.gentlaJ.  component  of  collapse  velocity  lor  a 
linear  flute  in  pA*oportlonsl  to  the  resultant  coDapse  velocity  as  shown  In 
Figure  17,  the  reason  for  draeticoliy  different  performances  of  lightly  confined 
and  heavily  confined  clui/gon  '•an  ue  "eadlly  seen-  Ey  ccnparlxig  Flgurec  17  and 
18,  it  is  evident  that  the  +  1  on  to  penetration  by  the  heavily 

conf  I  charge  is  derived  frea  a  portion  of  the  liner  in  which  the  compensation 
freq'w^.icy  1g  vai-ylng  most  rapidly  with  position  on  the  liner.  As  consequence, 
it  can  be  expected  that  the  aost  Important  pert  of  the  Jet  fro*  the  heavily 
confined  charge  will  suffer  a  great  deal  of  dispersion  in  optimum  frequency  and 
severe  degrituatlcn  la  Itu  pcnetrntlrg  ability.  On  tdie  other  hand,  fc*:  the 
IJgblly  confined  chsu*ge  Uie  rate  of  change  of  optimum  frequency  with  position 
is  relatively  slow  for  tlu.  portion  of  the  liner  contributing  tlie  major  part  of 
the  penetraticxi,  ond  the  dispersion  would  be  expected  to  be  relatively'’  slight. 
Consequently,  for  the  situation  represented  In  Figures  17  and  IB,  it  would  be 
expected  that  from  a  given  liner  a  greater  total  depth  of  penetration  would  l-e 
obtained  fi^  a  lightly  confined  charge  than  fro*  a  heavtly  confined  charge. 

For  this  same  situation,  however,  it  could  be  anticipated  that  the  memi 
optlaum  frequency  would  be  scjmewhat  greater  for  the  heavily  confined  than  for 
the  ligh-cly  confined  charge. 

It  is  clear  fro*  this  type  of  reasoning  that  the  relative  perfonconce  of 
lightly  confined  and  heavily  confined  charges  containing  the  sane  fluted  liner 
will  be  sensitive  to  details  of  charge  design  and  the  consequent  variations  in 
the  collapse  velocity  and  the  ccmpensctlon  Inpulse  curves,  is  entirely 
feasible  to  design  conditions  under  which  tne  heavily  confined  charge  would 
produce  a  lower  mean  optimum  frequency  than  the  lightly  confined  charge,  or 
a  greater  total  depth  of  pen-etratlon  at  the  mean  optimum  frequency,  or  even 
both. 

For  purposes  of  application  of  "the  spln-corapeasated  liner,  the  important 
conclusion  drawn  from  the  above  orguuMiotB  is  that  a  liner  intended  for  use  in 
a  heavily  confined  round  must  be  especially  deslgred  for  those  conditions  and 
tested  XTx  rounds  that  pixrrids  apprcx^laatsly  thii  same  degree  of  confinsaent  as 
the  ultimate  shell  body.  Figure  19  represents,  BCheneticsLlly,  the  appropriate 
curves  oi  flute  depth  versus  position  of  clement  to  provide  compt'nsation  with 
adnimum  dispersion  f  •  lightly  confined  emd  heavily  confined  charges, 
respectively,  assuming  conditions  as  represented  by  Figure  17. 
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(COKFIIEWIAL)  V.  CONCUJSIONS 

The  concluBlons  derived  fron.  the  obBervatlone  and  ainalysls  described  In 
the  foregoing  are,  briefly,  as  follova: 

(l)  The  basic  hypothesis  of  the  current  research  p:  ogram  on  spin 
coapensatlon  has  been  proven  veltJ.  It  hM  been  shown  that  fluted  liners 
having  flute  depth  Increasing  linearly  with  liner  radius  do  not  compensate  at 
a  single  rotatloneUL  f  •equency,  at  least  In  orthodox  charges. 

(?)  The  suggested  method  of  overcoming  the  deficiency  of  orthodox  fluted 
liners  is  *o  change  the-  relationship  between  flute  depth  and  liner  raxUus. 
Instead  of  the  linear  relationship,  a  non-linear  relationship  is  needed. 

(3)  The  type  of  modification  to  the  linear  fliit^  design  is  illustrated  In 
Mgure  20.  For  llnsrs  that  Intrinsically  compensate  In  the  (arbitrarily 
defined)  positive  sense  of  rotation,  a  relationship  as  Illustrated  by  the  upper 
curve  would  be  appropriate;  for  liners  that  compensate  In  the  negative  sense  of 
rotation,  the  lower  curve  would  be  appropriate. 

J.  FIMOrt 


R.  Dimsio 
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FIGURE  I 

THE  JET  OF  A  SMOOTH  105  MM  Llf4ER  IS  SHCVWJ 
TO  SPREAD  WHEN  THE  SHAPED  CHARGE  IS  ROTATED. 
ROTATIONAL  FREUUFNCIES  FOR  THESE  JETS  ARE  O) 
C  RPS,  b}  15  RPS,  C)  S?  RP3,  d)  4S  RP3,  AND  raJSO. 
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ROTATIONAL  FREQUENCY  (R  PS) 


FIGURE  2 

PENETRATION  PERFORMANCE  OF  105 MM 
SMOOTH  LINER  UNDER  ROTATION 
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rIGURE  3 

photographs  of  exterior  AMO  INTERIOR  SURFACES  OF  SMOOTH  AND 
FLUTtD  LINERS.  THE  FLUTED  LINERS  V/ERE  FORMED  BETWEEN  MATCHED  TOOLS. 
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POSITIVE  ROTATION 


a 

P  .  a  :  FfJTE  DEPTH  ,  R  : 

f\ADiUG  Of  liner  El  EMtNT 

before  fluting 


thickness  of  Blank 

IE  FLUT 

number  of  flutes 

AWGLF  0ETAlE^N  fLUiE  OFFSET 
ANO  R/k&iUS  THROUGH  ITS  ROOT. 

angle  of  inoek  ng(  when  matching 
FLUTEU  tools  are  used) 


nCURE  ^ 

UEFIMTION  OF  DESIGN  WflAMETERS  k.R  FLUTED  LINERS 
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FIGURE  5  SCALED  3RL-3  CHARGE  DESIGN 
USED  IN  ROTATION  EXPERIMENTS 
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SMOOTH  LINEH  3C  S  4C 
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INOEX  ANGLE  (8-DEGREES) 

FIGURE  6 

OPTIMUM  FREQUENCY  vs.  INOEX  ANGLE  a 
NORMALIZED  PENETRATION  vs.  INDEX  ANGLE 
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FIGURE  7 

FLASH  radiographs  ILLUSTRATING  V(\RIA- 
TION  IN  OPTIMUM  FREQUENCY  ALONG  CONE: 

{h)  5  =  0®,  V  =  120  P.ra  5  *  6°,  V  -  -100  RPG 

(ti;  =  o”,  V  =  30  RP3  5  “  6°,  V  *  -  20  RFJ 
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REAR  OF  JET 
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Sda  Ni  AONsnoiaj  NoiivsNsawoo 
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CCMf'ENSATION  FREQUENCIES  OF  ELEMENTS 
OF  A  JET,  DEDUCED  FROM  FLASH  RADIOGRAPHS 
INDEX  ANGLES  ARE  SHOWN  ON  EACH 
CURVE  FOR  A  SCALE  3C  LINER 


OPTIMUM  POTATIOMAL  PREOUEMCY  tPPSJ 


CONFIDCMTIAl 


FIGURE  3 

ROTATION  vs.  INDEX  ANGLE 

IDEAL  CURVES  FOR  LINEAR  FLUTED  LINERS 
DATA  DEDUCED  FROM  FLASH  RADIOGRAPHS 
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PENETRATION  VS  ROTATION  FOR  VARIOUS  ZONES  OF  A  FLUTED  LINER 
3RL-4,3.78"  {o.l40"(l6  x  .0400" )  (S.S)  (6*) } 
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TANGENTIAL  VELOCITIES  OF  ELEMENTS  OF  A  LINEAR  FLUTED 

LINER 


APEX  X— ♦■DISTANCE  FROM  APEX  BASE 


FIGURE  12 

NON-LINEAR  FLUTE  DEPTH  DESIGN  TO  PROVIDE  COMPEN¬ 
SATION  IN  POSITIVE  ROTATION  DIRECTION 

3? 


C0*^F!DENTIAL 


TANGENTIAL  VELOCITIES  OF  ELEMENTS  OF  A 
LINEAR  FLUTED  LINER 


FIGURE  14 

NON -LINEAR  FLUTE  DEPTH  DESIGN  TO  PROVIDE 
COMPENSATION  IN  NEGATIVE  ROTATION  DIRECTION 
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OPTIMUM  KOTATIONAL  FRECUcNCY  (RPS) 
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SM(X>TH  LINER 


FIGURE  !5 

HYPOTHETICAL  CURVES  FOR  LINER  COMPENSATED 
AT  lEO  RPS  WITH  0*  INDEM  ANOLi 
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FIGURE  16 

HYPOTHETICAL  CURVES  FOR  LINER  COMPENSATED 
-40  RPS  6®  INDEX  ANGLE 


PENET 

INCHES 

(M.S.) 


AT 
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APEX  X-POSITiON  O'  LINER  ELEMENT  BASE 
FIGURE  17 -EFFECT  OF  CONFINEMENT  ON 
COLLAPSE  VELOCITY  REPRESENTED  SCHEMATICALLY 


dx 


HEAVILY 
CONFINED 
105  MM 
LINER 


JL .  RATIO  OF  ELEMENT  POSITION  TO 
”  VERTICAL  HEIGHT  OF  LINER 

FIGURE  18  -  ^  VS.  ELEMENTAL  POSITION  OF  LINER 
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SCHEMATIC  OF  FLUTE  DEPTH  VS  POSITION  ON  LINER  FOR 
LIGHTLY  AND  HEAVILY  CONFINED  CHARGES.  FOR  A 
NEGATIVE  COMPENSATION  REGION 
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NON-LINEAR  FLUTE  DESIGN 
DEDUCED  FROM  FLASH  RADIOGRAPHS 
HEAVILY  CONFINED  CHARGES 


